The tumor necrosis factor alpha (TNF-␣) gene is rapidly activated by lipopolysaccharide (LPS). Here, we show that extracellular signal-regulated kinase (ERK) kinase activity but not calcineurin phosphatase activity is required for LPS-stimulated TNF-␣ gene expression. In LPS-stimulated macrophages, the ERK substrates Ets and Elk-1 bind to the TNF-␣ promoter in vivo. Strikingly, Ets and Elk-1 bind to two TNF-␣ nuclear factor of activated T cells (NFAT)-binding sites, which are required for calcineurin and NFAT-dependent TNF-␣ gene expression in lymphocytes. The transcription factors ATF-2, c-jun, Egr-1, and Sp1 are also inducibly recruited to the TNF-␣ promoter in vivo, and the binding sites for each of these activators are required for LPSstimulated TNF-␣ gene expression. Furthermore, assembly of the LPS-stimulated TNF-␣ enhancer complex is dependent upon the coactivator proteins CREB binding protein and p300. The finding that a distinct set of transcription factors associates with a fixed set of binding sites on the TNF-␣ promoter in response to LPS stimulation lends new insights into the mechanisms by which complex patterns of gene regulation are achieved.
Tumor necrosis factor alpha (TNF-␣) is a proinflammatory cytokine that activates multiple-signal transduction pathways and influences a broad range of immunological processes. Multiple extracellular stimuli induce the synthesis of TNF-␣ in a wide variety of cell types, including T and B cells, monocytes and macrophages, mast cells, and fibroblasts (reviewed in reference 1). We have shown that induction of TNF-␣ gene transcription by T or B cell receptor engagement, virus infection, and treatment with a calcium ionophore depends upon the activity of the phosphatase calcineurin (15, 18, 20) . Calcineurin targets the nuclear factor of activated T cells (NFAT) family of proteins (reviewed in references 11 and 38), which are critical for TNF-␣ gene expression by calcineurin-dependent signal transduction pathways (15, 48, 49) .
Production of TNF-␣ in response to lipopolysaccharide (LPS), a component of the cell wall of gram-negative bacteria, is of particular clinical importance because TNF-␣ is a mediator of septic shock (reviewed in reference 1). Exposure of monocytes and macrophages to LPS results in activation of the mitogen-activated protein kinase (MAPK) pathway, including the extracellular signal-related kinase (ERK), c-jun NH 2 -terminal kinase (JNK), and p38 cascades (reviewed in reference 12) .
Here, we show that ERK, but not calcineurin or p38, is required for full transcriptional induction of TNF-␣ gene expression by LPS. We identify TNF-␣ promoter elements critical for LPS induction of the gene and demonstrate that two Sp1 binding sites and three Ets binding sites, in addition to a cyclic AMP response element (CRE)-like site and an Egr site, are critical for LPS induction of the TNF-␣ gene. Consistent with this functional analysis of the TNF-␣ promoter, using chromatin immunoprecipitation and formaldehyde crosslinking (ChIP) assays, we directly detect LPS-inducible binding of the transcription factors ATF-2, c-jun, Ets-1 and -2, Elk-1, Egr-1, and Sp1 to the endogenous TNF-␣ promoter. Furthermore, we show that LPS-mediated TNF-␣ transcription is dependent upon CREB binding protein (CBP) and p300 coactivator proteins and, moreover, that the intrinsic transcriptional activity of CBP and p300 is potentiated by LPS.
Thus, a unique TNF-␣ enhancer complex, including Ets, Elk-1, Sp1, ATF-2-Jun, and the coactivator proteins CBP and p300, is assembled on the TNF-␣ promoter in LPS-stimulated monocytes. Remarkably, a set of TNF-␣ promoter elements, which bind NFAT upon induction of the gene by calcineurindependent stimuli, also bind the ERK-targeted Ets and Elk proteins and are required in LPS-stimulated TNF-␣ gene expression. Thus, these studies reveal that a distinct group of activators is recruited to a fixed set of TNF-␣ promoter binding sites, depending on the stimulus. This work therefore provides direct evidence for a general mechanism by which a single gene may be regulated in an inducer-specific manner.
Reporter Assay System; Promega) using a Dynex luminometer, with Renilla luciferase (pRL-TK) as a control.
RNA analysis. RNA was prepared from J774, P388D1, and Mono Mac-6 cells, or splenocytes from ATF-2 mutant mice or NFATp-deficient mice, and 32 Plabeled RNA probes were prepared from SP6 ␥-actin and murine TNF-␣ probes. RNase protection assays were performed as previously described (18) and quantified with a phosphorimager (Molecular Dynamics). The ATF-2 mutant mice (40) contain low levels of a mutant ATF-2 protein; ATF-2-deficient mice die immediately after birth (33) and are thus not suitable for in vivo LPS experiments. ATF-2 mutant mice and wild-type littermates were injected with 50 g of LPS, and RNA was prepared from whole spleens as previously described (40) . Spleens were removed from mice deficient in NFATp (23) and stimulated in vitro with LPS (1 g/ml) for 1 h as described (17) . Where indicated, cells were pretreated for 10 min with cyclosporin A (CsA) (Sandoz), SB203580 (a gift from Genetics Institute, synthesized based on a published procedure) (5), or PD98059 (BioMol Research Labs) at the concentrations indicated in the figure legends.
Plasmids. The Ϫ200 TNF-␣ CAT, Ϫ1045 TNF-␣ CAT, Ϫ200 TNF-␣ Luc, Ϫ39 TNF-␣ CAT, (CRE/3) 1 Ϫ39 TNF-␣ CAT, (CRE/3) 2 Ϫ39 TNF-␣ CAT, and (CRE/3) 2 Ϫ39 TNF-␣ Luc constructs have been described previously (6, 17, 21, 48) . The Ϫ982 TNF-␣ Luc reporter was created by subcloning the SmaI-HincII fragment of Ϫ982 TNF-␣ CAT (50) into the SmaI site of pGL3-Basic (Promega, Madison, Wis.). The (C1M) 2 Ϫ39 TNF-␣ Luc and (3ЈM) 2 Ϫ39 TNF-␣ Luc reporters were created by subcloning the SmaI-HincII fragment of the (C1M) 2 Ϫ39 TNF-␣ CAT and (3ЈM) 2 Ϫ39 TNF-␣ CAT reporters (48) into the SmaI site of pGL3-Basic. The Ϫ117M, Ϫ113M, C1M, 3 5Ј M, 3 3ЈM, Ϫ76M, AP1M, and SP1M luciferase reporters were created by subcloning the BamHI-XbaI fragment of the corresponding CAT constructs (18, 48, 49) into pBluescript (Stratagene) and subcloning the KpnI-XbaI fragment of the resulting vector into the KpnINheI sites of pGL3-Basic. The Ϫ84M CAT reporter from which the Ϫ84M luciferase reporter was created was constructed by M13 in vitro mutagenesis as described (49) . The Up-Sp1M, EgrM, and Egr/Up-Sp1M luciferase reporters were prepared by standard PCR mutagenesis. All mutations were confirmed by sequencing. The G5E1b-Luc reporter and the Gal4-p300 vector have been described elsewhere (14, 59) . The Gal4-CBP expression vector was a generous gift of D. Thanos (Columbia University).
DNase I footprinting. DNase I footprinting of the human TNF-␣ promoter was performed using recombinant NFATp, Ets-1, Elk-1, and PU.1 proteins (generous gifts of D. Thanos, B. Nikolajczyk, A. Sharrocks, and H. Singh, respectively) at concentrations indicated in the figure legends, as described previously (49) . The Ϫ200 to ϩ87 fragment of the wild-type TNF-␣ promoter or isogenic constructs bearing the Ϫ76M, Ϫ84M, 3 3ЈM, Ϫ113M, and Ϫ117M mutations as shown in Fig. 7 were used as templates.
Western blot analysis. For Western blot analysis, after nuclear extract preparation (18) , equal amounts of protein (30 g/sample) were analyzed by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis, transferred on nitrocellulose membranes and immunoblotted with anti-ERK1 and anti-ERK2 (anti-ERK1/2) antibody (Upstate Biotechnology, Lake Placid, N.Y.) or anti-phospho-ERK1/2 (anti-phospho-p44 or -p42 MAPK [Thr202-Tyr204]) antibody (New England Biolabs). Immunodetection was performed by incubation with horseradish peroxidase-conjugated anti-mouse immunoglobulin G (Promega) and developed by chemiluminescence (New England Nuclear, Boston, Mass.).
Formaldehyde crosslinking and chromatin immunoprecipitation. J774 cells (ϳ2 ϫ 10 8 cells) and control samples were treated with LPS for 3 h as indicated and then were treated with formaldehyde (1% final concentration) for 30 min at 37°C. Cells were harvested, and fixed chromatin was sonicated, extracted, and purified, followed by immunoprecipitation with anti-c-jun, anti-ATF-2, anti-Sp1, anti-Egr-1, anti-Ets-1 and -2, anti-Elk-1, or anti-C/EBP␤ (Santa Cruz Biotechnology). Immunoprecipitated DNA was then amplified by PCR with primers specific to the TNF-␣ promoter as previously described (15) . Titrations of PCR cycles were performed to ensure that experiments were performed in the linear range of amplification.
RESULTS
The region from nucleotide (nt) ؊200 to the TNF-␣ transcription start site is sufficient for maximal LPS inducibility of TNF-␣. We first compared LPS induction of the endogenous TNF-␣ gene in murine (J774, P388D1) and human (Mono Mac-6) monocytic cell lines stimulated with LPS to determine an appropriate system in which to study LPS-stimulated TNF-␣ gene expression. As shown in Fig. 1 , TNF-␣ mRNA was highly inducible by LPS in all three cell lines; however, relatively higher levels of inducible TNF-␣ mRNA were achieved in the J774 cells than in the P388D1 and Mono Mac-6 cells (Fig. 1) .
The region from nt Ϫ200 to the human TNF-␣ mRNA cap site is sufficient for maximal induction of the TNF-␣ gene by LPS in murine P388D1 cells (17) , THP-1 human monocytic cells (47, 58) , and murine RAW264.7 monocytic cells (22) . As shown in Fig. 2A , deletion of the sequences between nt Ϫ1045 and Ϫ200 had no effect on LPS induction of the TNF-␣ CAT reporter gene, and thus this region is also sufficient for maximal induction of the TNF-␣ gene by LPS in J774 cells. A recent report claimed that sequences around nt Ϫ600 relative to the human TNF-␣ mRNA cap site that contain a strong NF-B binding motif, 1 (17, 47) , were required for maximal expression of the TNF-␣ gene in murine ANA-1 and human Mono Mac-6 cells (27) . Thus, to rule out a cell-typespecific difference in TNF-␣ gene regulation by LPS, we also transfected the ANA-1, Mono Mac-6 cell lines and RAW264.7 cells with TNF-␣ luciferase reporter genes containing nt Ϫ982 or Ϫ200 upstream of the TNF-␣ transcription start site. We found that there were only minimal differences in induction between the nt Ϫ200 and Ϫ982 luciferase reporter constructs in ANA-1 (Fig. 2B) , Mono Mac-6 cells, and RAW264.7 (data not shown), in agreement with results obtained with J774, THP-1, and P388D1 cells. Thus, consistent with experiments performed with multiple cell types, including monocytes, T, B, and fibroblast cells stimulated with a variety of inducers (6, 17-19, 22, 47, 48, 58) , the region from nt Ϫ200 upstream of the start site of transcription contained the critical sequences required for inducibility of the TNF-␣ gene. We are unable to explain the discrepancy between our findings and those previously reported for ANA-1 and Mono Mac-6 cells (27) .
The CRE, Sp1, Ets-Elk, and Egr sites are required for LPS induction of TNF-␣ gene expression. To identify the promoter elements required for LPS induction of the TNF-␣ gene, we transfected J774 cells with human TNF-␣ luciferase reporter constructs bearing mutations in different regulatory elements. Mutation of the Ϫ117-NFAT (Ϫ117M), CRE (C1M), 3-NFAT (5ЈM and 3ЈM), Ϫ76-NFAT (Ϫ76M), and Sp1 (SP1M) sites, as well as sequences that match an Ets-Elk-1 motif located between nt Ϫ84 and Ϫ80 (Ϫ84M), significantly reduced LPS induction of the gene (Fig. 3A) . It should be noted that both the C1M and 3 5ЈM mutants inhibit binding of ATF-2/ c-jun to the TNF-␣ promoter (48, 49) . By contrast, mutation of a putative AP-1 site (AP1M) had no effect on LPS induction of the gene expression. Mutation of this site, which bears limited sequence similarity to a consensus AP-1 site, also had no effect on the regulation of the gene by LPS in THP-1 cells (58) and by a variety of inducers in multiple cell types (6, 15, 21, 48) .
We note that in contrast to induction of TNF-␣ gene expression by ionophore (18, 49) , induction of TNF-␣ gene expression by LPS requires an intact Sp1 site, which is also required for virus induction of the gene (15) . Furthermore, there is a second Sp1 site in the Ϫ200 TNF-␣ promoter region, which is located between nt Ϫ172 and Ϫ163 relative to the TNF-␣ transcription start site. Mutation of this upstream Sp1 site also greatly reduced LPS induction, while mutation of the Egr site reduced induction of the gene by approximately 50% (Fig. 3B ), consistent with a previous study (58) . Thus, the upstream Sp1 binding site, like the downstream Sp1 site, is critical for induction of the TNF-␣ gene by LPS.
The composite CRE/3/؊84Ets element is sufficient for LPS induction of a truncated TNF-␣ promoter. Previous studies have shown that multiple copies of the 3 site, which bears some resemblance to an NF-B binding site, do not confer LPS inducibility upon a heterologous promoter or a truncated TNF-␣ promoter, consistent with the lack of binding of NF-B p50 or p65 to this element in DNase I footprinting assays (49) . Given the importance of the CRE and the 3 site in induction of TNF-␣ gene expression by LPS, we next tested whether a synthetic construct containing the CRE site in addition to the 3 site and the Ϫ84 Ets site would be capable of conferring LPS inducibility upon a truncated TNF-␣ promoter. Only one copy of this composite element is sufficient to confer LPS induction upon the truncated Ϫ39 TNF-␣ promoter (Fig. 4A) , whereas up to six copies of the 3 site alone were not capable of conferring LPS inducibility (17, 58) , underscoring the importance of the CRE in LPS induction of TNF-␣ gene expression. Furthermore, a mutation of the CRE, which abolishes binding of ATF-2/c-jun to the site (48), abrogated LPS induction of this synthetic promoter construct. Intriguingly, a mutation of the 3Ј aspect of the 3 site also abrogates LPS inducibility. These results are consistent with a previous study in THP-1 monocytic cells, which showed that two or three copies of the composite CRE/3 element conferred LPS inducibility to a minimal simian virus 40 promoter and that this induction depended on the integrity of the CRE and 3 sites (58). Moreover, the data presented here and the study by Yao et al. demonstrate that the 3 site alone does not function as an LPSinducible NF-B site. 
ERK and ATF-2 are required for LPS induction of TNF-␣.
Stimulation of the monocyte lineage by LPS triggers the activation of the MAPKs ERK, JNK, and p38 (reviewed in reference 12). Phosphorylation of Ets proteins is generally dependent upon MAPKs (reviewed in reference 53). For example, upon LPS stimulation of macrophages, the Ets protein Elk-1 is phosphorylated via the ERK pathway (39) . LPS activation of the Ets protein PU.1 is dependent upon a distinct pathway involving protein kinase CK2 (30) , which is in turn ERK dependent (35) . The transcriptional activity of c-jun is dependent upon phosphorylation by JNK, while that of ATF-2 is dependent upon JNK or p38 (reviewed in reference 56). By contrast, NFAT proteins are targeted by the calcium-dependent phosphatase calcineurin, which is selectively inhibited by CsA (reviewed in references 11 and 38) .
In order to investigate the role of these distinct signal transduction pathways in LPS induction of TNF-␣ gene expression, we performed quantitative RNase protection assays in J774 cells using inhibitors of p38 (SB203580), ERK (PD98059), and calcineurin (CsA). As shown in TNF-␣ mRNA levels was selectively inhibited (approximately 50%) by the ERK inhibitor PD98059 at a concentration of 10 M (compare lanes 2 and 4) and was not affected by CsA (lane 7) or the p38 inhibitor SB203580 even up to a concentration of 20 M (lanes 10 to 13). Thus, ERK but not p38 or calcineurin activity is required for full induction of TNF-␣ transcription by LPS in J774 cells.
To confirm that ERK was activated by LPS, we next performed a Western blot analysis using nuclear extracts from J774 cells and a specific antibody to the phosphorylated forms of ERK1 and ERK2. As shown in Fig. 5B , the phosphorylated ERK levels were stimulated by LPS, while total ERK levels were unaffected (compare lanes 1 and 3). The LPS-induced levels of phosphorylated ERK were in turn inhibited by PD98059 (lane 4). Thus, in J774 cells, LPS stimulation leads to activation of ERK1/2 through phosphorylation of specific tyrosine residues, and PD98059 functions as an inhibitor of LPS-induced ERK phosphorylation.
Parallel RNase protection assays to assess the role of JNK in LPS-mediated TNF-␣ transcription were not possible due to the lack of JNK-specific inhibitory compounds, so instead we focused on the role of a downstream target of JNK and p38, ATF-2, which binds the TNF-␣ CRE site (48) . Using RNase protection assays, we examined LPS-stimulated TNF-␣ gene regulation in mice homozygous for a mutant form of the ATF-2 gene (40) . As shown in Fig. 5C , constitutive and LPSstimulated TNF-␣ mRNA levels were reduced approximately 50% in spleens from ATF-2 mutant mice compared to levels in wild-type littermates (compare lanes 1 and 3 to lanes 2 and 4). For comparison, we also examined LPS-stimulated TNF-␣ mRNA levels in mice deficient in NFATp (23) . Consistent with our finding that LPS induction of TNF-␣ was not sensitive to CsA, LPS-stimulated TNF-␣ mRNA levels from NFATp-deficient and wild-type mice were equivalent (Fig. 5D , compare lanes 1 and 3 to 2 and 4). Taken together, these results establish that ERK and ATF-2, but not p38, calcineurin, or NFATp, play a critical role in induction of TNF-␣ transcription by LPS. These findings are consistent with results of multiple studies that support a role for ERK in LPS-mediated TNF-␣ transcription and protein synthesis in macrophages (3, 16, 31, 41, 51, 52) .
Ets proteins bind to three sites in the TNF-␣ promoter. Although our results indicated that induction of the TNF-␣ gene by LPS did not involve calcineurin or NFATp, induction of the TNF-␣ gene by LPS was strongly inhibited by mutation of the Ϫ117-NFAT, Ϫ76-NFAT, and 3-NFAT sites (Fig. 3A) . Since the binding sites for NFAT and Ets proteins both contain a 5Ј-GGAA-3Ј core element, we next examined the binding of the ERK-dependent Ets proteins Elk-1, Ets-1, and PU.1 to the TNF-␣ promoter by quantitative DNase I footprinting, using NFATp for comparison. We note that proteins that recognize Ets-like binding motifs, such as Ets-1 (26) and C/EBP␤ (37), have previously been implicated in TNF-␣ gene regulation in T cells and myelomonocytic cells, respectively.
As shown in Fig. 6 , two regions of the TNF-␣ promoter are protected by Ets-1 (Fig. 6A) and Elk-1 (Fig. 6B) . Notably, these regions overlap the Ϫ117-NFAT and Ϫ76-NFAT sites (49) . Moreover, the latter protected region overlaps an Elk-1 consensus site (43) located between nt Ϫ84 and Ϫ80. We also note that the region containing the Ϫ117-NFAT site was previously shown to bind Ets in a gel shift assay (26) . By contrast, however, binding of PU.1 at the same concentrations used for Ets-1 and Elk-1 was not discernible (Fig. 6B) . Since the Ϫ76, Ϫ84, and 3-3Ј mutations compromise induction of TNF-␣ by LPS (Fig. 3A) , we next examined the effects of these mutations upon Ets protein binding.
The region protected by Elk-1 near the Ϫ76-NFAT site overlaps two 5Ј-GGAA-3Ј Ets-binding motifs at positions Ϫ76 ) and NFATp-deficient (NFATp Ϫ/Ϫ ) mice using TNF-␣ and ␥-actin probes as described for panel A are shown. Spleens were isolated from the mice and stimulated in vitro with LPS for 1 h.
FIG. 6.
Ets-1 and Elk-1 bind to three sites in the TNF-␣ promoter. (A) Ets-1 binds to the Ϫ84 Ets and the Ϫ76-and Ϫ117-NFAT sites. Quantitative DNase I footprinting using the wild-type human TNF-␣ promoter (nt Ϫ200 to ϩ87 relative to the transcription start site) and increasing concentrations of recombinant NFATp or Ets-1 (20 ng, 100 ng, 400 ng, and 2 g) is shown. The positions of the 3, Ϫ76, Ϫ84, and Ϫ117 binding sites are shown. NFATp binds with high affinity to 3 and Ϫ76 and with lower affinity to Ϫ117 and a novel site centered around Ϫ55 (Tsytsykova and Goldfeld, unpublished data). (B) Elk-1 binds to the Ϫ84 Ets and the Ϫ76-and Ϫ117-NFAT sites. Quantitative DNase I footprinting using the wild-type human TNF-␣ promoter (nt Ϫ200 to ϩ87 relative to the transcription start site) and increasing concentrations of recombinant NFATp or Elk-1 (20 ng, 100 ng, 400 ng, and 2 g) is shown. Two independent preparations of PU.1 (gifts of H. Singh and B. Nikolajczyk) were tested, and no binding of PU.1 with significant affinity was observed. and Ϫ84 (Fig. 7) . Mutation of the Ϫ76-NFAT site, however, did not abolish binding of Elk-1 to the Ϫ84 site (Fig. 7B) ; conversely, mutation of the Ϫ84 site did not abolish binding of Elk-1 to the Ϫ76-NFAT site (Fig. 7C) . We note that using the Ϫ84 mutant template, at the highest concentrations of Elk-1, some additional binding to a downstream GGA sequence overlapping a novel NFAT site at Ϫ55 (A. V. Tsytsykova and A. E. Goldfeld, unpublished data) not normally protected is observed (Fig. 7C) . Thus, two distinct Ets sites are discernible by DNase I footprinting using mutant TNF-␣ promoter templates. In results consistent with those of previous studies, mutation of the Ets-Elk motif that overlaps the Ϫ117 NFAT site abrogated binding of Elk-1 to the site (Fig. 7E and F) . We note that for the Ϫ113 M template, in which only one base pair of the Ets-Elk site is altered, some binding of Elk-1 was discernible, but only at the highest protein concentrations (Fig.  7E) .
Mutation of the 3Ј aspect of the 3-NFAT site (3 3ЈM), like mutation of the Ϫ76-NFAT and Ϫ84 sites, changed the cleavage pattern by DNase I on the naked DNA template. We note that the cleavage pattern of the naked Ϫ76 mutant template significantly varied from that of the wild-type template in this region (compare Fig. 7A and D) . At the highest concentrations of Elk-1, partial protection of this altered cleavage pattern on the mutant template was observed; however, even at the highest concentrations of Elk-1 there was not full protection of this site, consistent with its deleterious effect upon LPS-stimulated TNF-␣ gene induction. Strikingly, the 3 3ЈM mutation not only caused a change in the cleavage pattern in the vicinity of the nearby Ϫ84 site but also inhibited binding of Elk-1 to the site (Fig. 7D) . Thus, the inhibition of LPS-stimulated TNF-␣ gene expression by the Ϫ76, Ϫ84, and 3 3Ј mutations is consistent with their interference with Ets and Elk binding to the Ϫ76 and Ϫ84-Ets-Elk sites.
Elk-1, Ets, ATF-2-Jun, Egr1, and Sp1 proteins interact with the endogenous TNF-␣ promoter upon LPS stimulation. To establish which of the transcriptional activator proteins bind to the TNF-␣ promoter in J774 cells in vivo, we next performed ChIP assays using specific antibodies against the different activators. This technique has been used to detect binding of transcription factors to the beta interferon promoter following virus infection (55) and to the TNF-␣ promoter following virus infection and ionophore stimulation (15) . TNF-␣ promoter DNA was amplified by PCR of formaldehyde-fixed chromatin FIG. 7 . Mutation of the Ϫ76-NFAT, 3-NFAT, Ϫ117-NFAT, or Ϫ84 sites in the TNF-␣ promoter inhibit Elk-1 binding. Quantitative DNase I footprinting using the wild-type human TNF-␣ promoter (nt Ϫ200 to ϩ87 relative to the transcription start site) (A) or isogenic probes bearing mutations in the Ϫ76-NFAT site (Ϫ76M) (B), the Ϫ84 Elk-Ets site (Ϫ84M) (C), or the 3 site (3ЈM) (D), as well as two mutations in the Ϫ117-NFAT site, Ϫ117M (E) and Ϫ113M (F), is shown. The sequences of the mutant sites are shown at the bottom of the figure. Probes were incubated with increasing concentrations of recombinant Elk-1 (50 ng, 200 ng, or 1 g). Alterations in the cleavage pattern observed with the Ϫ76-NFAT and 3-NFAT mutant templates in the vicinity of the Ϫ84 Ets-Elk site are indicated with arrows (B to D).
immunoprecipitated by the antibodies shown in Fig. 8 , which provided an indication of the amount of transcription factor binding to the promoter following stimulation by LPS in vivo. Based on our site-directed mutagenesis studies of the TNF-␣ promoter function, characterization of the upstream signaling pathways involved in LPS induction of the gene, and quantitative DNase I footprinting, we used antibodies directed against proteins that recognize Ets binding sites (Ets-1 and -2, Elk-1, C/EBP␤), the CRE (ATF-2 and c-jun), and the Sp1 and Egr-1 sites. As shown in Fig. 8 , LPS stimulation of J774 cells resulted in the inducible binding of Ets-1 and -2, Elk-1, ATF-2, c-jun, Egr-1, and Sp1 to the TNF-␣ promoter in vivo. By contrast, binding of C/EBP␤ to the TNF-␣ promoter was not induced by LPS, consistent with the observation that macrophages from mice lacking C/EBP␤ produce wild-type levels of TNF-␣ mRNA following LPS stimulation (45) .
Due to the variable sizes of promoter DNA fragments that are generated when DNA is sheared in the ChIP assay (36), binding of factors to nonfunctional flanking sequences can also be detected in this sensitive assay. Thus, correlation of findings obtained with ChIP with functional data, including the roles of specific promoter binding sites, is necessary. We note that LPS causes some calcium influx in J774 cells (54) , which would be expected to activate calcineurin and cause the nuclear translocation of NFAT proteins, and that LPS also causes the phosphorylation of IB, resulting in the nuclear translocation of NF-B (reviewed in reference 46). Consistent with these observations, we detected binding of NFAT and p50-p65 proteins to the TNF-␣ promoter upon LPS treatment of J774 cells (data not shown). However, induction of TNF-␣ gene transcription by LPS is insensitive to CsA and is not compromised in NFATp-deficient mice. Furthermore, the only NF-B-like site in the Ϫ200 TNF-␣ promoter that is required for maximal induction by LPS, 3, does not bind high concentrations of recombinant p50-p65 in DNase I footprinting assays (49), nor does it confer LPS inducibility upon a heterologous promoter as would a functional NF-B site (17, 58) . We thus conclude that NFAT binds to the subset of TNF-␣ NFAT sites and/or NFAT sites in flanking sequences of no functional relevance in LPS stimulation, and that p50-p65 proteins bind to nonfunctional NF-B motifs, which are in flanking sequences not involved in LPS-stimulated TNF-␣ gene expression.
Taken together, the LPS-inducible recruitment of ATF-2, c-jun, Ets, Elk-1, and Sp1 to the TNF-␣ promoter observed in the ChIP analysis strongly correlates with the critical functional roles that the Sp1, CRE, Ets, and Egr-1 TNF-␣ promoter sites play in the activation of the gene by LPS.
CBP and p300 proteins are required for LPS stimulation of TNF-␣ and are transcriptionally activated by LPS. CBP and p300 proteins play a critical role in the induction of TNF-␣ transcription by virus and T cell receptor ligands (14) . CBP and p300 proteins function as coactivators for multiple transcription factors (reviewed in reference 42). We thus next examined the potential role of these proteins in TNF-␣ gene expression in response to LPS. Using the adenovirus E1A 12S protein, which inhibits CBP and p300 function (13), we performed cotransfection studies with the TNF-␣ luciferase reporter gene in J774 cells. As a control, we used a mutant form of the E1A 12S protein (E1A 12S ⌬2-36), which lacks the CBP and p300 interaction domain and fails to inhibit CBP and p300 activity (28) . As shown in Fig. 9A , activation of the TNF-␣ reporter upon stimulation of J774 cells with LPS was inhibited by E1A 12S but not by E1A 12S ⌬2-36, indicating a specific role for CBP and p300 coactivators in LPS-mediated TNF-␣ transcription.
We next tested the effect of inhibition of CBP and p300 upon the synthetic promoter construct containing two copies of the Ϫ117 to Ϫ80 sequence fused to a truncated Ϫ39 TNF-␣ promoter. We have shown that this sequence, which includes the composite CRE/3 element and the flanking Ets-Elk sites at nt Ϫ117 and Ϫ84, is highly inducible by LPS (Fig. 4A) . Induction of the (CRE/3/Ets) 2 reporter construct was also blocked by E1A 12S but not by E1A 12S ⌬2-36 (Fig. 9B) . Thus, the CRE/3/Ets element is sufficient for functional interaction with the coactivator proteins CBP and p300 in LPS-mediated TNF-␣ gene expression.
CBP and p300 contain transcriptional activation domains (9, 32) . Thus, our results raised the possibility that the transactivation of CBP and p300 proteins might be potentiated by LPS. To examine this, we used CBP or p300 proteins fused to the DNA binding domain of Gal4 to determine the effect of LPS stimulation upon Gal4 binding site-dependent transcription. Strikingly, both Gal4-CBP and Gal4-p300 were activated in response to LPS stimulation (Fig. 9C) . We note that the levels of transcriptional activity of CBP induced by LPS stimulation were consistently higher than those of p300 (Fig. 9C) . Taken together, these data provide the first demonstration of a role for the CBP and p300 proteins in LPS-mediated gene expression and furthermore demonstrate that LPS-stimulated assembly of the TNF-␣ enhancer complex is CBP and p300 coactivator dependent.
DISCUSSION
We have shown that LPS-induced activation of TNF-␣ gene transcription in macrophages leads to the formation of a distinct enhancer complex that includes transcription factors that bind the CRE, Egr, Ets, and Sp1 sites in the promoter. Strikingly, a set of core promoter elements, which comprise func- We previously demonstrated that the TNF-␣ gene is regulated in a cell-type-specific manner in T and B cells activated through their antigen receptors through the differential binding of NFAT to the same composite promoter element, the CRE/3 site (49) . In more recent studies, we have shown that within a specific cell type, two different stimuli result in the formation of a distinct set of protein complexes at the TNF-␣ promoter. Specifically, in T and B cells, ionophore stimulation leads to the formation of a nucleoprotein complex containing ATF-2-c-jun and NFATp, while virus infection leads to the formation of a nucleoprotein complex containing ATF-2-c-jun and NFATp and Sp1 (15) .
Here, we have characterized the TNF-␣ enhancer complex that forms upon LPS stimulation of macrophages and find that there is no role for NFAT proteins. Rather, the Ets proteins Ets-1 and Elk-1, in combination with ATF-2-c-jun, Sp1, and Egr-1, are involved in LPS-mediated TNF-␣ gene transcription. Furthermore, a given set of promoter elements that match Ets-Elk and NFAT motifs in the TNF-␣ promoter are functional sites for distinct proteins, depending on the stimulus. In the case of T cell receptor engagement and ionophore stimulation, these sites are functional NFAT motifs (15, 18, 49) . By contrast, in the case of LPS stimulation, these sites are no longer functional NFAT motifs but rather can function as binding sites for the Ets proteins Elk-1 and Ets-1 in vitro and in vivo. Thus, this study demonstrates that a gene can respond to different signaling pathways through the recruitment of different proteins to the same enhancer element. 2 Ϫ39 TNF-␣ luciferase reporter and vectors expressing wild-type or mutant E1A 12S and analyzed as described above. Histograms of uninduced and LPS-induced cells are shown, representing at least three independent experiments; error bars represent the standard errors of the means. Cotransfection of empty vector with luciferase reporter yielded results essentially identical to those obtained with E1A(⌬2-36) (data not shown). (C) LPS potentiates transcriptional activity of CBP and p300. J774 cells were cotransfected with a Gal4-dependent luciferase reporter (2 g) and vectors expressing full-length CBP or p300 fused to the Gal4 DNA-binding domain (0.2, 0.7, or 2 g) or the Gal4 DNA-binding domain alone (2 g). The fold induction of LPS-induced activity relative to uninduced activity is shown. The total amount of DNA was kept constant with empty vector. Assays were quantified as described above. (D) Model of an LPS-specific TNF-␣ enhancer complex. A diagram of TNF-␣ promoter elements and the cognate transcription factors recruited upon LPS stimulation is shown. These factors are known to interact, constitutively or inducibly, with CBP and p300 proteins, which are required for LPS induction of TNF-␣ gene expression.
Similar to virus infection, LPS-induced TNF-␣ gene transcription also involves the inducible binding of Sp1, generally considered to be a constitutive transcription factor. Notably, quantitative DNase I footprinting reveals that both of the TNF-␣ promoter Sp1 sites are in fact low-affinity Sp1 sites (Tsytsykova and Goldfeld, unpublished observations). Thus, inducible rather than constitutive Sp1 binding correlates with the relatively lower affinity of Sp1 for its binding sites in the TNF-␣ promoter and with its inducer-specific requirement in TNF-␣ gene regulation. There is no evidence of cooperative binding between Sp1 and the other activators involved in TNF-␣ gene regulation by LPS, since binding of Sp1 with Elk-1, ATF-2/c-jun, or NFATp is not cooperative in quantitative DNase I footprinting analyses (Tsytsykova and Goldfeld, unpublished data). Inducer-specific recruitment of Sp1 might thus be achieved by enhancing the affinity of Sp1 for these binding sites in the TNF-␣ promoter via posttranslational modification or by inducing a change in the accessibility of the sites in the context of chromatin.
Our findings also demonstrate a role for the CRE site in LPS-induced TNF-␣ gene transcription and have shown the inducible recruitment of ATF-2 and c-jun to the TNF-␣ promoter by LPS in vivo. Our results with ATF-2 mutant mice further demonstrate a role for ATF-2 in LPS activation of TNF-␣ gene transcription. The CRE site and binding of ATF-2-Jun to this site are required for induction of the TNF-␣ gene by calcium ionophore or antigen receptor engagement of T and B cells (48, 49) , by FcεRI engagement in mast cells (21) , by TNF-␣ treatment in fibroblasts (6) , and by virus infection of T and B cells and fibroblasts (15) . Thus, binding of ATF-2-Jun to the TNF-␣ CRE is the endpoint of distinct signal transduction pathways that are set into motion by multiple extracellular stimuli that induce TNF-␣ gene expression, and this site serves to integrate these various signals at the level of transcription.
The CBP and p300 transactivation domains were initially characterized as targets of protein kinase A (9, 32), and it has recently been shown that transactivation mediated by CBP is potentiated by calcium influx and by nerve growth factor in neuronal cells (8, 29) . Here, we have demonstrated that the transcriptional activity of CBP and p300 is also potentiated by LPS. Moreover, in our studies of TNF-␣, we have established a role for the CBP and p300 proteins in LPS-mediated expression of a specific gene. The CBP and p300 proteins function as transcriptional integrators, interacting with multiple transcription factors and the basal transcription machinery (reviewed in reference 42). Our demonstration that the CRE/3 element is sufficient for functional interaction with the coactivator proteins CBP and p300 is therefore consistent with the role of this composite element in integrating diverse signal transduction pathways at the TNF-␣ promoter.
Notably, all of the transcription factors we have detected binding to the TNF-␣ promoter in vivo upon LPS stimulation (ATF-2, c-jun, Ets, Elk-1, Egr-1, and Sp1) have been shown to interact with CBP and p300 in an inducible or constitutive manner (2, 4, 24, 25, 44, 57) . We thus model the LPS-induced enhancer complex at the TNF-␣ promoter as a complex involving multiple interactions between the DNA-bound transcription factors and the CBP and p300 coactivators (Fig. 9D) .
Assembly of transcription factors into higher-order nucleoprotein complexes, or enhanceosomes, typically ensures that a gene is transcribed in response to a given stimulus (reviewed in references 7 and 34). In the case of the TNF-␣ promoter, distinct sets of transcription factors are recruited to a fixed set of binding sites depending upon the stimulus. This finding thus illustrates a mechanism by which a single gene may respond to distinct induction signals through the same regulatory region and may indeed be a general means by which temporal and stimulus-specific transcription is achieved.
